a b s t r a c t P-glycoprotein (P-gp), breast cancer resistance protein (BCRP), and multidrug resistance protein 4 (MRP4) are three efflux transporters that play key roles in the pharmacokinetics of antiretroviral drugs used in the pre-exposure prophylaxis of HIV sexual transmission. In this study, we investigated the expression, regulation, and function of these transporters in cervicovaginal tissues of a mouse model. Expression and regulation were examined using real-time RT-PCR and immunohistochemical staining, in the mouse tissues harvested at estrus and diestrus stages under natural cycling or after hormone synchronization. The three transporters were expressed at moderate to high levels compared to the liver. Transporter proteins were localized in various cell types in different tissue segments. Estrous cycle and exogenous hormone treatment affected transporter mRNA and protein expression, in a tissue-and transporterdependent manner. Depo-Provera-synchronized mice were dosed vaginally or intraperitoneally with 3 H-TFV, with or without MK571 co-administration, to delineate the function of cervicovaginal Mrp4.
Introduction
The human immunodeficiency virus (HIV) pandemic continues to be a worldwide public health problem [1] . Sexual transmission is the cause of the vast majority of new HIV infections in sub-Saharan Africa, where 70% of all new infections occur [1] . Pre-exposure prophylaxis (PrEP) uses systemically or topically (vaginally or rectally) administered antiretroviral drugs to protect uninfected individuals and is considered a promising approach in preventing HIV sexual transmission. However, PrEP clinical trials have yielded inconsistent effectiveness results. For example, a 1% tenofovir (TFV) vaginal gel reduced the HIV acquisition rate by 39% in the Phase 2b CAPRISA 004 trial [2] ; however, the TFV gel arm that tested the same gel product in another Phase 2b trial (VOICE) was discontinued due to futility [3] . Inconsistent results have also been observed in some other trials testing vaginally-or orally-administered TFV, alone or in combination with other antiretroviral drugs [4] [5] [6] [7] [8] . There is an urgent need to enhance the effectiveness of PrEP products containing TFV and other antiretrovirals to provide a practical means for HIV prevention.
In order to enhance PrEP effectiveness, we must understand the critical determinants of antiretroviral drug effectiveness. Clinical pharmacokinetic studies have revealed that cervicovaginal or colorectal tissue drug exposure is key [9, 10] . The drugs used in PrEP include entry inhibitors, nucleoside/nucleotide reverse transcriptase inhibitors, non-nucleoside reverse transcriptase inhibitors, and integrase inhibitors-all of which target the early steps in the HIV life cycle before integration of viral DNA into the host genome [10] [11] [12] [13] . A sufficient amount of these drugs must penetrate into the cervicovaginal or colorectal tissues in order to reach the submucosal immune cells and protect them from being infected by HIV particles released during sexual intercourse [9, 10] . In clinical trials and preclinical studies testing of vaginal and rectal microbicides, a clear trend was observed: the higher the drug concentration, the lower the HIV acquisition rate [9, 10, 14, 15] . Currently, the effective in vivo drug concentration remains unknown for http://dx.doi.org/10.1016/j.bcp.2016.07.009 0006-2952/Ó 2016 Published by Elsevier Inc. many of the microbicide drug candidates being evaluated [14] . Therefore, it is suggested that one of the primary goals of future microbicide development is to achieve the maximally tolerated drug concentration in tissues relevant to HIV sexual transmission [14] . Many factors may account for the insufficient drug exposure in tissues after PrEP drug administration, including improper drug delivery systems or low patient adherence to the dosing regimen [10] . Long-lasting injectable formulations have been proposed to address these issues and ensure the efficiency of drug delivery to the target tissue sites, but physiological factors that determine tissue absorption and disposition in cervicovaginal and colorectal tissues must be understood to maximize the drug exposure, understand interindividual variability, reduce drug load in the products, and minimize toxicity.
Drug transporters are important regulators of antiretroviral drug pharmacokinetics and pharmacodynamics [16, 17] . Transporters are transmembrane proteins that localize to the plasma membrane or the membranes of intracellular organelles such as mitochondria and control the movement of substrates in and out of the cell [17] . Among the various transporters studied, three ATP-binding cassette (ABC) transporters, P-glycoprotein (P-gp), multidrug resistance associated protein 4 (MRP4), and breast cancer resistance protein (BCRP) are highly relevant to antiretroviral drugs [17] . Their substrates span all classes of antiretroviral drugs used in AIDS treatment and/or microbicide development, such as the entry inhibitor maraviroc, most protease inhibitors, the reverse transcriptase inhibitors tenofovir and zidovudine, and the integrase inhibitor raltegravir [17] [18] [19] [20] [21] . Transporters can also be inhibited by antiretrovirals through competitive binding, and transporter expression can be induced by antiretrovirals by diverse mechanisms [17, 18] . Besides marketed drugs, some excipients generally regarded as safe have been shown to potently inhibit ABC transporters by temporarily depleting intracellular ATP availability and/or reversibly modifying plasma membrane fluidity [17, 22] . In addition, genetic polymorphisms of a number of transporters are associated with interindividual variability in antiretroviral drug pharmacokinetics [16, 17, 23] .
There have been some published studies on cervicovaginal and colorectal tissue transporters, but more studies are needed to better understand transporter expression, regulation, and function in these tissues. We and others have reported that several efflux transporters, including P-gp, BCRP, and MRP4, were positively or even highly expressed in the cervicovaginal and colorectal tissues of human, macaque, rabbit, and mouse, as well as the cell lines derived from human cervicovaginal or colorectal tissues [24] [25] [26] [27] [28] [29] [30] . These animal models are used in PrEP microbicide testing. In addition, positive functionality of P-gp in the rabbit vagina was demonstrated, using talinolol as the substrate and verapamil as the P-gp inhibitor [25] . However, further studies are needed to establish the expression profile of important transporters under the influence of physiological factors that are commonly encountered by PrEP participants, and more evidence is needed to confirm the functional role of transporters in the pharmacokinetics of topically or systemically administered antiretroviral drugs. Sex steroid hormones such as estrogen and progesterone are known to affect the expression and activity of many drug transporters [31] . There could be two sources of hormone level variation. First, the menstrual cycle in human and estrous cycle in mammalian animals are known to cause cyclic changes of sex steroid hormones [32] . Second, the administration of exogenous hormones, such as hormonal contraceptives, may directly affect transporter expression or indirectly exert such an effect through modulating endogenous hormone levels. Depo-Provera contains medroxyprogesterone acetate (MPA) as its active ingredient and is used by many PrEP participants [33] . It is also the most widely used contraceptive in sub-Saharan Africa, where the rate of HIV sexual transmission remains highest [1] . Therefore, it is imperative to understand the effect of the menstrual cycle and exogenous hormones, including hormonal contraceptives, on transporter expression and to examine whether the positively expressed transporters in cervicovaginal and colorectal tissues are functional enough to affect the absorption/disposition of systemically or topically administered antiretroviral drugs. The information generated from such studies will enhance the understanding of the critical determinants of drug exposure in these tissues and facilitate PrEP optimization.
The aim of this study is to examine the expression, regulation, and function of important transporters in tissues relevant to HIV sexual transmission using a Depo-Provera synchronized Swiss Webster mouse model. This model has been used before in the field of microbicide research and development to evaluate the safety of vaginally administered PrEP products (microbicides) [34, 35] . In this study, the mRNA and protein expression of P-gp, Bcrp, and Mrp4 in mouse tissues were examined in the estrus and diestrus stages during the natural estrous cycle and after treatment with exogenous hormones in order to understand the expression of these transporters under conditions that may be encountered by PrEP participants. Exogenous hormones included the contraceptive Depo-Provera and pregnant mare's serum gonadotropin, which are known to stimulate estrogen levels. Transporter expression in rabbit tissues and human cervicovaginal epithelial cell lines was also examined for the purpose of selecting the most appropriate model to study transporter function. Finally, using the Depo-Provera-synchronized mice, the function of the Mrp4 transporter in the cervicovaginal tissue distribution of vaginally and systemically administered TFV was investigated, with the use of MRP inhibitor MK571. To our knowledge, this is the first report showing the expression of cervicovaginal tissue P-gp, Bcrp, and Mrp4 under the influence of estrous cycle and exogenous hormones, and this is the first time that cervicovaginal tissue MRP4 function has been demonstrated in an in vivo model.
Materials and methods

Collection of tissues from naturally cycling and synchronized mice
All animal procedures were approved by the University of Pittsburgh Institutional Animal Care and Use Committee (IACUC). Female Swiss Webster mice (6 weeks old, around 23 g body weight) were used for all mouse experiments. Tissues, including uterus, endocervix, ectocervix, vagina, colorectum, and liver, were collected under four conditions: estrus and diestrus stages in the natural estrous cycle, synchronized estrus stage, and synchronized diestrus stage. For the collection of tissues from mice undergoing a natural estrous cycle, mouse estrous cycle stage was examined daily, and tissues were collected from euthanized mice when the estrus or diestrus stage was reached. The stage was determined using vaginal cytology as described by Caligioni et al. [32] . To collect the vaginal smear, the mouse vaginal lumen was injected with 20 lL of normal saline, using a pipette. The smear was evenly spread onto a glass slide and observed under a bright light microscope. For the collection of mouse tissues under synchronization, mice were treated with pregnant mare's serum gonadotropin (PMSG, Sigma-Aldrich Inc., St. Louis, MO, USA) or Depo-Provera (Pfizer Inc., New York City, NY, USA) for synchronization into estrus or diestrus stages, respectively. For PMSG treatment, each mouse was intraperitoneally (IP) injected once with 5 IU. For DepoProvera treatment, mice were subcutaneously injected twice, on Day 1 (starting day) and Day 5, at the dose of 3 mg MPA per mouse. Synchronized estrus stage was reached 24 h after PMSG administration, and the synchronized diestrus stage was reached 7 days after first Depo-Provera administration. The stage of synchronized mice was confirmed as described above. Harvested tissues were stored at -80°C until further analysis. For each of the four conditions, tissues were collected from at least three mice.
Collection of rabbit tissues and cultured cells
Rabbit tissues were obtained from euthanized New Zealand White rabbits, which were a kind gift from Dr. Eric Romanowski of the Eye & Ear Institute of the University of Pittsburgh. The tissue collection was in line with IACUC regulations. The rabbits were 6-8 weeks old at the time of euthanasia and had been previously used for the testing of topical drug products for the treatment of eye infection. The infection and drug action were contained in the cornea and had no systemic effects.
End1/E6E7, Ect1/E6E7, and VK2/E6E7 cells were purchased from American Type Culture Collection (ATCC) and cultured per their protocols at 37°C under 5% CO 2 . The following cell culture media and reagents were purchased from Invitrogen Inc. (Carlsbad, CA, USA) unless otherwise specified. The culture medium was keratinocyte-serum free medium with 0.1 ng/mL human recombinant epidermal growth factor, 0.05 mg/mL bovine pituitary extract, and an additional 44.1 mg/L calcium chloride (final concentration 0.4 mM). An antibiotic combination containing 50 IU/mL penicillin and 50 lg/mL streptomycin (antibiotics purchased from Thermo Fisher Scientific Inc., Pittsburgh, PA, USA) was supplemented into the medium. The cells were initially grown in culture flasks. After 60-90% confluence was reached, the cells were detached using trypsin-EDTA and diluted in the culture medium to reach the target density (5 Â 10 5 cells per well). This was followed by seeding onto 6-well plates. Cells were harvested from the plates using trypsin-EDTA after 60-80% confluence was reached.
RNA extraction, reverse transcription, and qRT-PCR
RNA of all the tissue and cell samples was extracted using TRIZOL (Invitrogen) per the manufacturer's instructions. RNA extraction, reverse transcription, and real-time PCR were performed as described by Zhou et al. [24] . The design and execution of quantitative PCR experiments were in line with the MIQE guidelines. The efficiency of PCR reactions was confirmed, using the relative standard curve method, with serially diluted liver or colon cDNA [24] . It should be noted that the amplification efficiency depends mainly on the G/C content of amplicon, and it was slightly different between different genes examined in this study. Nevertheless, the amplification efficiency was very close to 100% for different genes, so the mRNA level of transporters was normalized to that of GAPDH using the 2
ÀDCt method for plotting and comparison. The primers used in PCR are listed in Table 1 .
Immunohistochemical (IHC) staining
IHC staining was conducted by the Research Histology Service of the University of Pittsburgh. The fixation and processing of mouse tissues were conducted as described by Zhou et al. [24] . The antibodies used in staining are listed in Table 2 . Primary antibodies, purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA), were applied to slides with overnight incubation at 4°C. After washing with phosphate buffered saline solution containing Tween 20 (PBST, Santa Cruz Biotechnology), biotinylated secondary antibodies, purchased from Vector Laboratories Inc. (Burlingame, CA, USA), were applied to the slides and incubated at room temperature for 30 min. After the incubation with secondary antibodies, the slides were washed with PBST. ABC reagents (Vectastain Elite, Vector Laboratories) were applied afterward, and slides were incubated for 30 min, followed by AEC chromogen (ScyTec Laboratories Inc., Logan, UT, USA) incubation for color development. The slides were then counterstained with hematoxylin and mounted with Crystal Mount (Sigma-Aldrich). In the negative control staining for a transporter protein in a given tissue, non-immunized IgG (Santa Cruz Biotechnology) was used instead of the primary antibody. The IgG was purified from the same species in which the primary antibody was raised. Table 3 ) was used as a base to mix with tested agents, such as TFV or MK571. The ingredients of these gels are listed in Table 4 . To prepare the universal placebo gel, sorbic acid (Sigma-Aldrich) was added to water and mixed until fully dissolved. Sodium chloride (SigmaAldrich) was added, and the pH was determined. If the pH was different from the target pH 4.4, then 1 M NaOH or HCl (Thermo Fisher) was added to adjust the pH. Hydroxyethyl cellulose (Ashland Inc., Covington, KY, USA) was then slowly added to the solution with a mixer, and water was added to adjust the final total weight after all the ingredients were fully dissolved. For the Table 1 Primer information for real-time RT-PCR of transporters and Gapdh in mouse tissues. pharmacokinetics (PK) study, two kinds of gels were formulated; for the safety study, three kinds of gels were formulated. Components of these gels are shown in Table 4 . The administered TFV gel contained a mixture of 3 H-TFV and non-radiolabeled TFV. The purpose of adding non-radiolabeled TFV into the gel was to ensure that the concentration of total TFV was not too low for the Mrp4 transporter to exert efflux effect.
Preparation of vaginal gels and solutions for mouse administration
Transporter function study in mice
All animal procedures were approved by the University of Pittsburgh IACUC. Female Swiss Webster mice (6 weeks old, around 23 g body weight) were synchronized with Depo-Provera on Day 1 and Day 5, and used for the PK or safety study on Day 8. To study the role of Mrp4 in the PK of vaginally administered TFV, mice were divided into three groups. Group 1 was dosed IP with 100 lL of saline, followed by 20 lL of TFV gel administered vaginally 30 min later; Group 2 was dosed IP with 100 lL of saline containing 7.5 mg/mL MK571 (Sigma-Aldrich), followed by 20 lL of TFV gel administered vaginally 30 min later; Group 3 was dosed IP with 100 lL of saline, followed by 20 lL of (TFV + MK571) gel applied vaginally 30 min later. Components of these gels are listed in Table 4. TFV was administered at low dose. The purpose of selecting this dose was to simulate a situation in which the tissue drug concentration is dramatically decreased from its initial level, with increasing drug exposure expected to increase effectiveness. The selection of the MK571 dose was based on the dose range of MK571 in published animal studies [36] [37] [38] . Five minutes prior to vaginal gel dosing, the mice were injected IP with 100 lL of saline containing 10 mg/mL ketamine HCl (Henry Schein Animal Health Inc., Dublin, Ohio, USA) and 20 mg/mL xylazine (Sigma-Aldrich), to sedate the mice and facilitate vaginal gel administration. The dosed mice were euthanized with CO 2 , followed by cervical dislocation, at 0.5 h and 1 h post gel administration, for all the three groups.
Cervicovaginal lavage (CVL) was collected immediately after euthanasia. CVL was obtained through eight sequential vaginal washes with 25 lL of saline (200 lL in total), using a pipette with a 200-lL tip. Around 0.25 cm of the sharp end of the tip was cut off to account for the high viscosity of the lavage. Blood was collected from the inferior vena cava, using 1-mL disposable syringe capped with heparinized 25G needles. The collected blood was centrifuged at 5000 rpm for 5 min (Eppendorf MiniSpin Plus), and 100 lL of the supernatant was collected as plasma samples. Mouse tissues-uterus, endocervix, ectocervix, vagina, colorectum, and kidney-were collected using surgical scissors. The harvested Effect of estrus cycle and exogenous hormones on P-gp (Abcb1a/1b) mRNA expression in mouse tissues. The mouse counterpart to human P-gp consists of two isoforms, Abcb1a and Abcb1b. Therefore, the mRNA levels of both isoforms are shown. Mouse tissues were collected under 4 conditions: estrus stage and diestrus stage during natural estrous cycle (Natural), estrus and diestrus stages reached after PMSG and Depo-Provera synchronization (Synchro). The expression was examined in tissues from 3 to 5 mice. The Gapdh-normalized transporter levels (generated using the 2 ÀDCt method) were plotted in various tissues. To examine the effect of the natural estrous cycle, the mRNA level was compared between the estrus and diestrus stages of naturally cycling mice. To examine the effect of exogenous hormones, mRNA level at a synchronized status (synchronized to estrus by PMSG or synchronized to diestrus by Depo-Provera) was compared with the level at either stage of the natural estrous cycle. Student's t-test was used for comparisons. Red columns, Abcb1a. Yellow columns, Abcb1b. Results represent mean ± SD from all mouse tissues. tissues were rinsed with saline, and the surface water was gently absorbed using gauzes. The tissues were then put into 1.5-mL tubes, and the weight of a tissue sample was obtained by subtracting the weight of the empty tube from the weight of the tube with the tissue.
To study the role of Mrp4 in the PK of IP-administered TFV, synchronized mice were divided into two groups. Group 1 was administered IP with 100 lL of saline, followed by IP injection of 100 lL of MK571-containing saline (7.5 mg/mL), followed by the same mRNA expression was examined in rabbit tissues (cervix, vagina, colorectum, liver) and human epithelial cell lines (End1/E6E7, Ect1/E6E7, VK2/E6E7). Uterus, cervix, and liver tissues were collected from 3 rabbits; colorectum was collected from 6 rabbits; vaginal tissue was collected from 7 rabbits. Rabbit endocervix and ectocervix were difficult to distinguish; therefore, the part of the rabbit genital tract connecting the vagina and uterine horns was obtained to represent the whole cervix. The GAPDH-normalized transporter levels (generated using the 2 Release kinetics of TFV from the gel. Gels, with or without MK571 incorporation, were applied to the donor chamber of a Franz cell apparatus, and the TFV concentration in the acceptor chamber medium (PBS) was measured to generate the kinetics of TFV release from the gels. P app , permeability coefficient. Results represent mean ± SD from 3 gels in each group. H-TFV solution as in Group 1. The TFV dosing level was again low for the reason given above. Mice were euthanized 1.5 h after TFV administration. CVL was collected using 60 lL of saline (20 lL saline per wash Â 3 times). Blood and tissues were collected as described above for the gel-administered mice.
Measurement of radioactivity in mouse samples
The CVL (200 lL from the vaginal dosing group or 60 lL from the IP dosing group), plasma (100 lL), and tissue (5-50 mg) samples were transferred to scintillation vials. Five hundred lL of Solvable tissue lysis buffer (PerkinElmer Inc., Waltham, MA, USA) was added to the vials containing the CVL, plasma, or tissues. The vials were then incubated overnight in a 50°C water bath to completely dissolve the tissues. Following this, the sample vials were taken out, and 100 lL of H 2 O 2 (Thermo Fisher Scientific) was added to each vial. The vials were then incubated at 50°C for 1 h. The purpose of adding H 2 O 2 was to decolorize the samples in order to eliminate the influence of sample color on subsequent scintillation counting, and the 1 h of 50°C incubation was to completely remove the remaining H 2 O 2, which would also affect the activity of the scintillation cocktail. After H 2 O 2 treatment, the vials were cooled to room temperature, and 2.5 mL of ScintiSafe Plus cocktail (Thermo Fisher Scientific) were added. Then the vials were vortexed and placed in a scintillation counter (PerkinElmer) for radioactivity measurement.
The count per minute (CPM) values generated by the scintillation counter were converted to decay per minute (DPM) using the following formula: DPM = Total TFV concentration ( 3 H-TFV + TFV) in the sample was calculated based on the ratio of radiolabeled to non-radiolabeled TFV. Total TFV concentration for each sample was presented as mean ± standard deviation, and used for plotting and statistical analysis.
Examination of the safety of gels and solutions
To evaluate the safety of TFV and MK571 administration and to rule out the possibility that TFV concentration change might be caused by dosing and handling, mice were administered with non-radioactive TFV vaginal gels or IP solutions, with or without MK571 co-administration. The molar quantity of TFV of the gels and solutions used in these safety evaluations was the same as in the PK experiments, as detailed in Table 4 . A 4% nonoxynol (N-9, Spectrum Chemicals Inc., New Brunswick, NJ) gel was used as a positive control because it is a well-known disruptor of cervicovaginal tissue epithelium [34] . The vehicle gel (universal placebo gel) was used as a negative control because it is known to be safe to human and mouse cervicovaginal tissues [34] . The mice were euthanized at 1 h for the vaginal dosing group, or at 1.5 h for the IP dosing group. The endocervix, ectocervix, and vagina were collected, fixed, and processed for H&E staining. The staining was performed as previously described [39] . Pictures were taken using a Zeiss Axioskop 40 microscope with AxioVision Software.
Statistical methods
Statistical analyses were conducted using the GraphPad Prism software. Student's t-test was used to compare the mRNA level of a transporter between different estrous stages. For vaginal substrate (TFV) administration, TFV concentration in each type of sample was compared among the three dosing groups, using a one-way analysis of variance (ANOVA). For IP substrate administration, Student's t-test was used to compare the two dosing groups. For all tests, p < 0.05, p < 0.01, and p < 0.001 were considered statistically significant, very significant, and extremely significant, respectively.
Results
Real-time RT-PCR examination of mouse transporter mRNA levels
The three transporters P-gp, Bcrp, and Mrp4 were positively expressed in the mouse tissues examined (Figs. 1, 3 and 5) . The expression levels were moderate to high compared to mouse liver. For each transporter, the Gapdh-normalized transporter mRNA levels depended on the type of tissue, the stage of natural estrous cycle, or the type of exogenous hormone administered (Figs. 1, 3 and 5). The mouse counterparts of human P-gp are Abcb1a and Abcb1b. Abcb1a is mainly responsible for pumping out xenobiotics, while Abcb1b is mainly involved in the homeostasis of endogenous substances. During the natural estrous cycle, mouse P-gp and Bcrp levels were not significantly different between the two stages, although the large increase from estrus to diestrus could be observed for Abcb1a in the uterus and for Bcrp in uterus and endocervix ( Figs. 1 and 3 ). The effect of the estrous cycle was more evident for Mrp4. A significant increase in Mrp4 mRNA was observed in ectocervix from estrus to diestrus, and large but not significant increases in Mrp4 could be seen in uterus, endocervix, and vagina (Fig. 5) . Exogenous hormones PMSG and Depo-Provera exerted obvious effects on the tested transporters (Figs. 1, 3 and 5 ). For the following transporters and tissues, transporter mRNA level was significantly altered after PMSG treatment compared to that at either stage of the natural cycle: Abcb1a in uterus and endocervix; Abcb1b in uterus and ectocervix; Bcrp in uterus; Mrp4 in uterus, endocervix, and colorectum. For the following transporters and tissues, transporter mRNA level was significantly altered after DepoProvera treatment compared to that at either stage of the natural cycle: Abcb1a in uterus and endocervix; Abcb1b in uterus, endocervix, ectocervix, and colorectum; Mrp4 in uterus, endocervix, ectocervix, and vagina. The majority of PMSG-induced alterations were decreases, while the majority of Depo-Provera-induced alterations were increases (Figs. 1, 3 and 5) .
Although the effects of the estrous cycle and exogenous hormones were tissue-and transporter-dependent, some general tendencies appeared, especially in reproductive tissues. The mRNA levels of transporters tended to be higher in the diestrus stage and lower in the estrus stage during the natural cycle. PMSG treatment tended to decrease transporter levels, while Depo-Provera tended to increase transporter mRNA levels, compared to their levels during the stages of the natural cycle.
Protein expression of three transporters in mouse cervicovaginal tissues
P-gp (Abcb1a/1b) protein was distributed in both epithelium and stroma in mouse endocervix, ectocervix, and vagina, during the natural estrous cycle (Fig. 2) . There was no marked difference in P-gp protein abundance and localization pattern. Compared to the natural estrous cycle, PMSG treatment did not exert an obvious effect on protein abundance or localization. Depo-Provera treatment did not affect P-gp protein in the vagina. However, DepoProvera increased P-gp protein density in stroma and reduced Pgp density in epithelia of both endocervix and ectocervix (Fig. 2) .
Bcrp protein was primarily localized in the vessel wall of the stromal part of mouse endocervix and ectocervix, during the natural estrous cycle (Fig. 4) . The epithelium of the mouse vagina was also positively stained. There was no obvious difference in Bcrp protein abundance and localization between the two stages of the natural estrous cycle in any of the three segments of the mouse lower genital tract. Compared to the natural cycle, PMSG synchronization did not seem to cause a significant change in endocervix and ectocervix, while Depo-Provera appeared to increase the protein density in these two tissues, especially in the stromal part. In addition, PMSG and Depo-Provera synchronization appeared to decrease Bcrp protein density in vaginal epithelium compared to the natural estrous stages.
Mrp4 protein in mouse endocervix and ectocervix was primarily found at the diestrus stage, while the staining at estrus stage was not readily observed, during the natural estrous cycle (Fig. 6 ). Weak staining of Mrp4 protein was found in epithelium and stroma in the mouse vagina at both estrus and diestrus stages. Compared to the natural estrous cycle, PMSG treatment decreased the epithelial and stromal abundance of Mrp4 protein in mouse endocervix, ectocervix, and vagina. Depo-Provera treatment markedly increased Mrp4 density in the epithelial layers, while it decreased Mrp4 density in the stromal part, in all three tissue segments, compared to the natural estrous cycle.
3.3.
Real-time RT-PCR examination of rabbit and cell line transporter mRNA levels P-gp, Bcrp, and Mrp4 were found to be positively expressed in the uterus, cervix, vagina, and colorectum of rabbits, and the levels were compared to those in rabbit liver (Fig. 7) . Overall, the livernormalized transporter mRNA levels in the rabbit genital tract and colorectum appear to be lower than those normalized levels in human and macaque. For P-gp, the mRNA levels in rabbit cervix and vagina were significantly lower than the liver P-gp level. For BCRP, the cervix, vagina and colorectum levels were significantly lower than the liver level.
The same panel of efflux transporters were also tested in cell lines derived from human endocervical epithelium (End1/E6E7), ectocervical epithelium (Ect1/E6E7), and vaginal epithelium (VK2/E6E7). P-gp was not detectable in any of the three cell lines. BCRP and MRP4 could be detected in all the cell lines, but their expression levels were lower than in the corresponding tissues in humans, rabbits, or mice (for human data, refer to Zhou et al. [24] ). There was no significant difference in transporter levels among the different epithelial cell lines.
The effect of MK571 on the tissue distribution of vaginally administered TFV
First, we measured the release kinetics of two kinds of TFV gels used in the vaginal dosing experiments to determine whether the incorporation of MK571 in the TFV gel would change the release profile of TFV. As shown in Fig. 8 , compared to the gel containing TFV alone, the incorporation of MK571 into the gel did not have any impact on the in vitro release profile of TFV. The percentages of the cumulative amount released by 30 min and 60 min, which were the two time points employed in the PK experiments described above, were very similar in the two kinds of TFV gel. The permeability coefficient P app , as calculated from the timedependent TFV concentration appearing in the acceptor chamber of the Franz cell apparatus was almost identical for both kinds of gels.
Next, the TFV gels were administered to three groups of synchronized mice. The control group was administered the gel containing TFV only. The effect of MK571 co-administration on TFV distribution was tested in the other two groups: MK571 was either injected IP as a solution 30 min prior to gel administration or incorporated into the TFV gel. When injected as an IP solution, MK571 significantly increased the TFV concentration in endocervix, ectocervix, and vagina by up to several fold on at least one of the two time points post-vaginal administration of TFV gel. However, the concentrations in plasma, uterus, and colorectum were only slightly increased or remained unchanged (Fig. 9) .
When incorporated into the TFV gel, MK571 exerted timedependent effects on TFV distribution compared to the control group (Fig. 9) . At 0.5 h post gel administration, the TFV concentration in mouse vaginal tissue was significantly higher in the MK571 group. The TFV concentration was slightly, but not significantly, increased in plasma, uterus, ectocervix, and colorectum. The TFV concentration in CVL and endocervix remained unchanged with the addition of MK571 (Fig. 9) . At 1.0 h, the TFV concentration in the colorectum was significantly increased, while its CVL concentration was significantly decreased. There was also a decrease in the TFV concentration in endocervix, ectocervix, and vagina, but the differences were not statistically significant. The TFV concentration in plasma and uterus remained unchanged with the incorporation of MK571 into the TFV gel (Fig. 9) .
The effect of MK571 on the tissue distribution of IP-administered TFV
To examine the functional role of the Mrp4 transporter in the cervicovaginal/colorectal tissue distribution of systemically administered TFV, mice were given TFV solution through the IP route, with or without MK571 co-administration via the same route 15 min prior to TFV dosing (Fig. 10) . The TFV concentrations in CVL fluid, tissues, and plasma were measured 1.5 h post-TFV administration. As shown in Fig. 10 , compared to its plasma concentration, TFV was preferentially distributed into cervicovaginal tissues and fluid after IP administration. MK571 increased TFV concentration in CVL and vagina (p = 0.04), while slightly decreasing TFV plasma concentration (À13%).
The vagina/plasma (p = 0.03) and colorectum/plasma (p = 0.006) ratios were significantly increased by MK571 co-administration (Fig. 10) , suggesting that the observed increase in vagina and colorectum tissue concentrations found after MK571 application was not due to increased plasma concentration but to local tissue transporter inhibition, thus providing evidence for the functional role of Mrp4 transporter in limiting TFV distribution from blood to these tissues. MK571 significantly increased the kidney/plasma ratio by 33% (p = 0.002), consistent with the published report that the MRP4 transporter limits TFV accumulation in kidney tissue [20] .
The effect of TFV and MK571 administration on tissue morphology
In evaluating the safety of MK571 co-administration, we performed H&E staining to examine the morphology of mouse endocervix, ectocervix, and vagina under the same conditions described above for the Mrp4 function study. In published reports and our preliminary tests, the vehicle gel had no effect on tissue morphology; therefore, we used it as a negative control. After Fig. 9 . Effect of MK571 on tissue distribution of vaginally administered TFV. The effect of MRP transporter inhibitor MK571 on TFV distribution was tested using vaginal gels containing 3 H-TFV, with or without co-administration of MK571. Mice were euthanized 0.5 h and 1.0 h post TFV gel administration; CVL, plasma, and tissue samples were collected; and radioactivity was measured in a scintillation counter. TFV molar concentrations in these samples were plotted for the 2 time points tested. Red columns, mice were administered IP with saline, followed by vaginal administration of TFV gel 30 min later; blue columns, mice were administered IP with MK571 solution, followed by vaginal administration of TFV gel 30 min later; green columns, mice were administered IP with saline, followed by vaginal administration of TFV + MK571 gel 30 min later. For each time point of each group, 7-13 mice were used. Data represent mean ± SD. Depo-Provera synchronization, the ectocervix epithelia became single-layer columnar cells, but the intactness of this single layer was maintained. The vaginal epithelia still contained several layers after synchronization. The vehicle gel treatment did not result in any change in the morphology of mouse tissues, while the positive control 4% N-9 gel negatively affected the morphological intactness of the epithelia of all tissues. N-9-caused detachment of columnar and squamous epithelial cells from the basal lamina could be readily observed in a significant portion of the epithelium-lining regions of these tissues (Fig. 11 ). In the conditions mimicking the vaginal and IP administration of TFV and MK571, there was no difference, in the morphology of tissues, between the IP-administered mice and vehicle gel-treated mice. These results demonstrated that the agents used in the transporter function study, including TFV and MK571, did not negatively affect the intact epithelia of the mouse cervicovaginal tissues, which are important natural barriers against sexually transmitted infectious pathogens [40] . In addition, the effect of vaginally and IP administered MK571 on TFV distribution was not likely to be due to its effect on vaginal epithelial intactness and passive permeability.
Discussion
In this study, we have examined the expression and regulation of P-gp (Abcb1a/1b), Bcrp, and Mrp4 in mouse cervicovaginal and colorectal tissues, under the influence of the mouse estrous cycle and of exogenous hormones. In addition, we have provided proof of concept that cervicovaginal and colorectal Mrp4 could affect TFV tissue absorption/disposition under certain circumstances, and that this effect may be reversed by co-administration of an MRP inhibitor MK571. To our knowledge, this is the first report revealing the effect of menstrual (estrous) cycle and exogenous hormones on the expression of the three transporters in cervicovaginal tissues. In addition, this is the first report of cervicovaginal tissue MRP4 function in an in vivo model.
Among the tested models, the synchronized mice appeared to be the most suitable model for the study of MRP4 function in cervicovaginal tissue. We examined transporter expression in rabbit tissues because it is another in vivo model used by microbicide researchers [41] . We also tested some cell lines because they have been used in microbicide safety screening [35] . We found that rabbit transporter expression is too deviant from human expression levels, especially for the TFV transporter MRP4. In addition, the rabbit cervicovaginal tract morphology is quite different from that of humans, which may affect the baseline permeability of the tissue and mask the transporter functionality. The cell lines tested cannot form multiple layers when cultured in vitro, and they lack tight junction expression observed in human cervicovaginal tissue and are therefore of little use in predicting what would happen in vivo. Compared to the rabbits and cell lines, the transporter expression profile in Depo-Provera-synchronized mouse tissues was found to be closer to human tissue levels. Mouse tissue morphology is also closer to that of humans because the mouse ectocervix and vagina have multiple epithelial layers and mouse endocervix has a single epithelial layer. The mRNA and protein expression of cervicovaginal-tissue Mrp4 was highest after DepoProvera synchronization, compared to the mice undergoing natural cycling or synchronized by PMSG, suggesting that Mrp4 function may be most prominent under this condition, and therefore, that this is the condition under which the effect of transporter inhibition is most likely to be observed. Although the Depo-Proverasynchronized mouse model is not perfect and may not be appropriate for data extrapolation, it appears to be a suitable model to use, among the available convenient preclinical models, for the proofof-concept study of cervicovaginal tissue transporters. Therefore, this is the model we chose for the study of Mrp4 in cervicovaginal tissue.
In the mouse model, the estrous cycle, PMSG, and Depo-Provera demonstrated regulatory effects on the expression of several efflux transporters in mouse cervicovaginal tissues. The effects of these factors were found to be dependent on the type of transporter and type of tissue. The general tendency was that the mRNA expression of these transporters was higher at diestrus, compared to the level at estrus, during the natural estrous cycle. In addition, PMSG, the estrogen-stimulating hormone, tended to decrease transporter expression compared to transporter levels during the natural cycle. Depo-Provera synchronization, on the other hand, tended to increase transporter expression compared to the transporter levels during the natural cycle. The mechanism may involve the expression and activity of nuclear receptors (NRs) in cervicovaginal tissues. MPA has been demonstrated to bind and activate multiple NRs [42] . While MPA does not bind significantly to the NRs for estrogen and mineralocorticoids, it is an agonist of progesterone receptor (PR), androgen receptor (AR), and glucocorticoid receptor (GR) [42] . The approximate EC 50 values are 0.01, 1, and 10 nM, for PR, AR, and GR, respectively [43] . We examined the mRNA expression of these NRs in mouse cervicovaginal tissues and found they were highly expressed compared to the levels in mouse liver (Ongoing research). These NRs have been shown to regulate the expression of P-gp, BCRP, and MRPs in human cell lines and rodent models. For example, AR activation has been reported to upregulate MRP4 gene expression in normal human prostate cells, a prostate cancer cell line, and tumor tissue collected from prostate cancer patients [44] [45] [46] [47] . However, NR-mediated regulation of downstream genes is tissue dependent, and the NRmediated regulation of transporters in cervicovaginal and colorectal tissues has not been experimentally validated. More studies will be needed to confirm the role of NRs in cervicovaginal tissues.
TFV is a substrate of two efflux transporters (MRP4, MRP7) and two uptake transporters (OAT1, OAT3). OAT1 and OAT3 were found to be undetectable in the cervicovaginal and colorectal tissues of humans and mice, and the GAPDH-normalized mRNA levels of MRP7 were at least 100-fold lower than the Mrp4 level in the endocervix, ectocervix, and vagina of the Depo-Provera synchronized mice (Ongoing research). The Mrp7 mRNA level in mouse colorectum was more than 10-fold lower than the Mrp4 level (Ongoing research). Based on the expression levels, it was most likely that Mrp4 was the major efflux transporter for TFV in mouse tissues, and the observed effects of MK571 on TFV distribution in this study were due to the inhibition of Mrp4 transporter in these tissues.
In both vaginal and IP administration, a large variability in TFV concentration in the female genital tract was observed among individual mice at all the time points post-administration. Notably, this variability in the mouse reproductive tract was much larger than the variability in mouse plasma or other internal organs. This is in line with the clinical observation that a high degree of intraand inter-subject variability may be seen in human and nonhuman primate studies of TFV and other antiretroviral drugs, such as maraviroc [14, [48] [49] [50] [51] [52] [53] [54] [55] [56] . The variability is probably due to the complexity of drug absorption and disposition in the female genital tract. Many factors, such as epithelial layer thickness, tight junction abundance, vaginal fluid level, transporters, and metabolizing enzymes might affect TFV distribution in cervicovaginal tissue and plasma [10, 40, 57] . These physiologic determinants are regulated by various factors such as hormone status, age, genital tract coinfections, which have a large variability among individuals. The observed large variability in mouse tissue concentration is therefore not surprising.
When TFV was given vaginally, the administration route of the MRP inhibitor MK571 mattered to its effect on TFV distribution in the mouse lower genital tract. When MK571 was administered IP, it increased TFV concentration up to 3-fold in endocervix, ectocervix, and vagina, at one time point at least (0.5 or 1.0 h) post-TFV administration. However, when MK571 was incorporated into the TFV gel and administered vaginally, it resulted in only an 80% increase in vaginal TFV concentration at 0.5 h. The release profile of TFV was not altered by MK571 incorporation as was determined using a Franz cell apparatus, which is the standard USP method of testing drug release from semisolid dosage forms. Therefore, the differential effects of MK571 were not caused by differences in TFV release in the two scenarios. Instead, it is possible that the different pharmacokinetic profile of MK571 when dosed via different routes resulted in its differential effects on TFV. If so, it may be that, when MK571 was given IP, it was distributed evenly among all the parts of the lower female genital tract due to the relatively high blood perfusion of reproductive tissues; however, when MK571 was given vaginally, the primary site of its absorption was the vagina, and MK571 exposure in the ecto-and endocervix was much lower, resulting in a more obvious effect of MK571 on TFV distribution in vaginal tissue but less in the ectocervix and endocervix. The effect of MK571 on TFV distribution in CVL, plasma, and internal organs (liver, kidney) was also different when MK571 was administered via different routes. It is possible that, when MK571 was given intravaginally, this facilitated TFV entry into, and concentration in, vaginal tissue and plasma at the earlier time point (0.5 h); since TFV penetrated more quickly, less TFV gel remained in the vaginal lumen at the later time point (1.0 h), resulting in a lesser amount of TFV in the CVL samples at the 1.0 h time point and reduced vaginal tissue concentration at 1.0 h. Additional experiments will consolidate the findings and strengthen this study. For the detection of transporter expression under different conditions, Western blot may be utilized to directly visualize the protein expression of transporters. This technique can also be employed to visualize the expression of nuclear receptors that are likely involved in the hormonal regulation of cervicovaginal tissue transporters observed in this study. Several future studies will provide more evidence on the role of Mrp4 and other transporters in cervicovaginal and colorectal tissues. In this study, the MK571 concentration was not measured in the tissues due to the lack of a validated method of quantifying MK571 tissue concentration. Future studies will first need to address this shortcoming. Second, the dose and time dependency of TFV and MK571 will need to be further explored; i.e., more doses and more time points should be tested in future studies. Third, more types of transporter substrates and modulators should be tested in order to validate the role of transporters in drug pharmacokinetics. To overcome the non-specificity of chemical inhibitors, mouse models with transporter gene knockouts (e.g., Abcc4 [Mrp4]) may be used. In addition, the interspecies difference in transporter activity warrants further investigations in humans or animal models that are more clinically relevant. It should be noted that TFV must be phosphorylated by intracellular enzymes to TFV diphosphate (TFV-DP) to become an inhibitor of HIV reverse transcriptase and exert anti-HIV activity [2] . In the current study, the concentration of the parent drug TFV rather than TFV-DP was measured. It would be beneficial to monitor the tissue level of TFV-DP in future endeavors, and examine whether the altered TFV tissue level under Mrp inhibitor treatment could impact the intracellular kinetics of TFV-DP.
In conclusion, our studies have revealed the effect of the menstrual (estrous) cycle, PMSG, and Depo-Provera on the mRNA and protein expression of three efflux transporters, highly relevant to antiretroviral drugs, in the cervicovaginal and colorectal tissues of a mouse model utilized in PrEP/microbicide testing. In comparison with rabbit and three human cell lines, this mouse model appeared to be more appropriate for use in the study of cervicovaginal tissue transporters. Using this model, we have also provided preliminary evidence to demonstrate Mrp4 function in TFV distribution into cervicovaginal tissues. The data also suggest that coadministration of an MRP inhibitor can alter TFV distribution when the inhibitor is dosed at the proper level and via an appropriate route. However, it should be noted that, in the clinical use of PrEP products, adherence is the key to drug exposure and efficacy, especially for once-daily products. The functional role of MRP4 transporter and the effectiveness of MRP4 inhibitor could be observed only when adherence is kept at a high level. Overall, the information generated from this study will inform the development of novel strategies of drug delivery that aim to overcome transporter efflux, and will facilitate PrEP optimization in a number of aspects.
